Design of Cold-Formed Stainless Steel Sections with Single Web Subjected to Web Crippling by Zhou, Feng & Young, Ben
Missouri University of Science and Technology 
Scholars' Mine 
International Specialty Conference on Cold-
Formed Steel Structures 
(2004) - 17th International Specialty Conference 
on Cold-Formed Steel Structures 
Nov 4th, 12:00 AM - Nov 5th, 12:00 AM 
Design of Cold-Formed Stainless Steel Sections with Single Web 
Subjected to Web Crippling 
Feng Zhou 
Ben Young 
Follow this and additional works at: https://scholarsmine.mst.edu/isccss 
 Part of the Structural Engineering Commons 
Recommended Citation 
Zhou, Feng and Young, Ben, "Design of Cold-Formed Stainless Steel Sections with Single Web Subjected 
to Web Crippling" (2004). International Specialty Conference on Cold-Formed Steel Structures. 1. 
https://scholarsmine.mst.edu/isccss/17iccfss/17iccfss-session5/1 
This Article - Conference proceedings is brought to you for free and open access by Scholars' Mine. It has been 
accepted for inclusion in International Specialty Conference on Cold-Formed Steel Structures by an authorized 
administrator of Scholars' Mine. This work is protected by U. S. Copyright Law. Unauthorized use including 
reproduction for redistribution requires the permission of the copyright holder. For more information, please 
contact scholarsmine@mst.edu. 
Seventeenth International Specialty Conference on Cold-Formed Steel Structures 
Orlando, Florida, U.S.A, November 4-5, 2004 
Design of Cold-Formed Stainless Steel Sections with Single 
Web Subjected to Web Crippling 
FengZhou I and Ben Young 2 
ABSTRACT 
An experimental investigation of cold-formed stainless steel hollow sections 
subjected to web crippling is presented in this paper. Tests were conducted on 
square and rectangular hollow sections of austenitic stainless steel type 304. 
Tensile and compression coupon tests were performed to obtain the longitudinal 
tension and transverse compression material properties. The web crippling tests 
were conducted under two loading conditions for End-Two-Flange (ETF) and 
Interior-Two-Flange (ITF) specified in the current American Specification and 
AustralianlNew Zealand Standard for cold-formed stainless steel structures. The 
test strengths obtained from this study and the test strengths of stainless steel 
lipped channel sections under End-One-Flange (EOF) and Interior-One-Flange 
(IOF) loading conditions conducted by other researchers are compared with the 
design strengths obtained using the current American Specification, 
AustralianlNew Zealand Standard and European Code for cold-formed stainless 
steel structures. In addition, the test strengths are also compared with the design 
strengths obtained using the unified web crippling equation as specified in the 
North American Specification for cold-formed carbon steel structural members. 
A unified web crippling equation for cold-formed stainless steel sections with 
single web is proposed in this paper. It is shown that the proposed web crippling 
equation is safe and reliable. 
i Research Student, Department of Civil Engineering, Hong Kong University of Science and 
Technology, Hong Kong. 
2 Assistant Professor, Department of Civil Engineering, Hong Kong University of Science and 




The use of stainless steel as primary structural components are arising due to its 
attractive features in terms of durability, fire resistance and recyclability as 
entering a global transition towards sustainable development and reduction in 
environment impact. The webs of cold-formed stainless steel beams may cripple 
due to high localised bearing forces. Therefore, web crippling must be 
accounted for in the design of cold-formed stainless steel beams. 
The American Society of Civil Engineers Specification (ASCE 2002a) for the 
design of cold-formed stainless steel structural members provides design rules 
for the design of flexural members against web crippling based on the American 
Iron and Steel Institute Specification (AISI 1986) for the design of cold-formed 
carbon steel. This is because no research work has been done at the Cornell 
University to study the problem of web crippling of beams made of cold-formed 
stainless steel as stated in the Commentary of the ASCE Specification (2002b). 
The AustralianlNew Zealand Standard (ASINZS 2001) for cold-formed stainless 
steel structures has adopted the web crippling design rules from the ASCE 
Specification, and no changes are introduced into the web crippling design rules. 
Hence, the web crippling design strengths predicted by the ASCE Specification 
and the ASINZS Standard are identical. The European Code Design of Steel 
structures (EC3 1996a) Part 1.4: Supplementary rules for stainless steel states 
that: "In the absence of better information about the resistance of stainless steel 
webs to transverse forces applied through a flange, reference may be made to 
EC3 Code (1992) Part l.l and EC3 Code (1996b) Part 1.3 as appropriate." 
Theses two codes are for the design of hot-rolled carbon steel and cold-formed 
carbon steel structures, respectively. The web crippling design rules in the 
American, AustralianlNew Zealand and European specifications for cold-formed 
stainless steel are based on carbon steel test data. However, the mechanical 
properties of stainless steel are different from the mechanical properties of 
carbon steel. The annealed stainless steel has the following characteristics as 
compared with carbon steel: (1) Anisotropy; (2) Nonlinear stress-strain 
relationship; (3) low proportional limits and (4) pronounced response to cold 
work (Yu 2000). Therefore, the validity of the design rules for stainless steel 
flexural members against web crippling in the aforementioned specifications 
need to be investigated. 
This paper presents a series of tests on cold-formed stainless steel square and 
rectangular hollow sections subjected to web crippling under End-Two-Flange 
and Interior-Two-Flange loading conditions. The test results were compared 
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with the web crippling design strengths predicted by the American (2002a), 
AustralianlNew Zealand (2001) and European (1 996a) specifications for 
stainless steel structures. Furthermore, the web crippling test results of cold-
formed stainless steel lipped channel sections under End-One-Flange and 
Interior-One-Flange loading conditions conducted by Korvink and van den Berg 
(1994), and Korvink et al. (1995) were also used to compare with the design 
strengths predicted by the specifications. In addition, the test strengths were also 
compared with the design strengths predicted by the North American 
Specification (NAS 2001a) for cold-formed carbon steel structural members. 
The web crippling design rules in the NAS Specification use a unified equation. 
This unified web crippling equation for cold-formed carbon steel was developed 
by Prabakaran and Schuster (1998) and Beshara and Schuster (2000). A unified 
web crippling equation with new coefficients for cold-formed stainless steel 
sections with single web is proposed in this paper. 
EXPERIMENTAL INVESTIGATION 
Test Specimens and Bearing Plates 
Tests were conducted on square and rectangular hollow sections of austenitic 
stainless steel type 304. Specimens consisted of eight different section sizes, 
having the nominal thicknesses ranged from 2 to 5 mm, the nominal depth of the 
webs ranged from 40 to 120 mm, and the nominal flange widths ranged from 40 
to 80 mm. The measured inside comer radius ranged from 2 to 7.5 mm. The 
specimen lengths (L) were determined according to the ASeE Specification 
(2002a) and the AS/NZS Standard (2001). Generally, the distance from the edge 
of the bearing plate to the end of the member was set to be 1.5 times the overall 
depth of the web (d) rather than 1.5 times the depth of the flat portion of the web 
(h), the latter being the minimum specified in the specifications. Tables 1 and 2 
show the measured test specimen dimensions using the nomenclature defined in 
Fig. 1. 
The load or reaction force was applied by means of bearing plates. The bearing 
plates were fabricated using high strength steel having a nominal yield stress of 
800 MPa. All bearing plates were designed to act across the full flange widths of 
the hollow sections excluding the rounded corner. The flanges of the hollow 




In Table I the specimens were labelled such that the loading condition, nominal 
dimension of the specimen and length of the bearing could be identified from 
the label. For example, the labels "ETFIOOxSOx2NSO-l" and 
"ITFlOOxSOx2NSO" define the following specimens: 
• The first three letters indicate the loading conditions of End-Two-Flange 
(ETF) and Interior-Two-Flange (ITF) were used in the tests. 
• The following symbols are the nominal dimension (dxbjxt) of the 
specimens in mm. (100xSOx2 means d = 100 mm; SO mm; t = 2 mm). 
• The notation "NSO" indicates the length of bearing in mm (SO mm). 
• If a test was repeated, then "-1" indicates the first test and "-2" indicates the 
second test. 
These specimens belong to the rectangular hollow section (RRS) 100xSOx2 
where the nominal overall depth of the web is 100 mm, the overall width of the 
flange is SO mm, and the thickness of the RRS section is 2 mm. 
Material Properties 
Tensile and compression coupon tests were carried out to determine the 
mechanical properties of the stainless steel. The tensile coupons were taken from 
the center of the web plate in the longitudinal direction of the untested 
specimens. The tensile coupons were prepared and tested according to the 
American Society for Testing and Materials Standard (ASTM 1997) and the 
Australian Standard AS 1391 (1991) for the tensile testing of metals using 12.S 
mm wide coupons of gauge length SO mm. The coupons were tested in a 2S0 kN 
capacity MTS displacement controlled testing machine using friction grips. Two 
strain gauges and a calibrated extensometer of SO mm gauge length were used to 
measure the longitudinal strain. A data acquisition system was used to record the 
load and strain at regular intervals during the tests. The static load was obtained 
by pausing the applied straining for I.S minutes near the 0.2% tensile proof 
stress and the ultimate tensile strength. This allowed the stress relaxation 
associated with plastic straining to take place. The material properties obtained 
from the tensile coupon tests are summarized in Table 3, which includes the 
measured initial Young's modulus (ELT), the proportional limit (a;T), the static 
0.2% tensile proof stress (a;;), the static tensile strength (a,;T), and the 
elongation after fracture ( liLT) based on a gauge length of SO mm. 
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The compression coupons were taken from the web plate in the transverse 
direction of the untested specimens. The coupons were tested in a MTS 
displacement controlled testing machine using a bracing jig to prevent minor 
axis buckling of the test coupon. Two strain gauges were attached at mid-height 
to each compression coupon, with one on each edge. A data acquisition system 
was used to record the load and strain at regular intervals during the tests. Small 
loads up to a maximum of approximately 10% of the predicted 0.2% proof stress 
of the material were applied to the coupon for alignment purposes. The strains 
on the two edges of the coupon were compared, and adjustment to the position 
of the coupon was made until the disparity between the strains on the two edges 
was less than 5%. This ensured the load was applied approximately concentric 
to the coupon specimen. Loading rates were chosen to be 0.012 mmlmin and 
0.03 mmlmin for small (40 X 40 x2 and 40x40x4) and large specimens, 
respectively. The static load was obtained by pausing the applied straining for 
1.5 minutes near the 0.2% compression proof stresses. This allowed the stress 
relaxation associated with plastic straining to take place. The material properties 
obtained from the compression coupon tests are summarized in Table 4, which 
includes the measured initial Young's modulus (ETC), the proportional limit 
(u;'c), and the static 0.2% compression proof stress (u~;·). The stress-strain 
curves of tensile and compression coupons for specimen 80x80x5 are shown in 
Fig.2. 
Loading Conditions and Test Rig 
The hollow section specimens were tested under two loading conditions 
according to the current American Specification (ASCE 2002a) and 
AustralianlNew Zealand Standard (AS/NZS 2001). These loading conditions are 
ETF and LTF. For ETF and ITF loading conditions, two identical bearing plates 
of the same width were positioned at the end and mid-length of each specimen, 
respectively. Photographs of the ETF test setup are shown in Figs 3a and 3b for 
the front and end views, respectively. Hinge supports were simulated by two 
half rounds in the line of action of the force. Web deformations of the specimens 
were obtained by the average readings of the three transducers measured 
between the two bearing plates. 
A 2500 kN capacity DARTEC servo-controlled hydraulic testing machine was 
used to apply a concentrated compressive force to the test specimens. 
Displacement control was used to drive the hydraulic actuator at a constant 
speed of OJ mm/min for all test specimens. A TML data acquisition system was 
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used to record the load and the transducer readings at regular intervals during 
the tests. 
Test Results 
The experimental ultimate web crippling loads per web (PExp) are given in 
Tables I and 2 for ETF and ITF loadings, respectively. One test was repeated 
and the specimen is ETFlOox50x2N50. The test result for the repeated test is 
very close to its first test value with a difference of less than 1.0%. This small 
difference between the repeated test demonstrated the reliability of the test 
results. 
Test Performed by other Researchers 
Korvink et al. (1995) conducted a series of web crippling tests on cold-formed 
stainless steel lipped channel sections under End-One-Flange (EOF) loading 
condition. The channel test specimens were brake-pressed from three different 
types of stainless steel sheets, namely type 304, 430 and 3CR12 (modified type 
409). Generally, the nominal overall depth of the webs varied from 90 - 315 mm 
at increment of approximately 25 mm. The flange width and lip width were kept 
constant at 50 and 20 mm, respectively. The plate thickness was not reported, 
but the hit ratio for each specimen was reported. The average measured inside 
corner radius was 2.46 mm. Five specimen sets were prepared for each steel 
type, and each set was tested on a constant bearing length. The bearing lengths 
varied from 20 100 mm at increment of 20 mm. The actual length of each 
specimen was not reported, but the length of the specimens were chosen such 
that the distance between the opposed loads was greater than 1.5 times the 
overall depth of the web, which is complied with the ASCE Specification. The 
channel specimens were tested in pairs. The loading flanges of the channels 
were fastened (restrained) to bearing plates. The specimens were simply 
supported on rollers. 
Korvink and van den Berg (1994) perfonned web crippling tests on cold-formed 
stainless steel lipped channel sections under Interior-One-Flange (IOF) loading 
condition. The channel test specimens were brake-pressed from two different 
types of stainless steel sheets, namely type 430 and 3CRl2 (modified type 409). 
The nominal overall depth of the webs varied from 100 - 325 mm at increment 
of approximately 25 mm. The flange width and lip width were kept constant at 
50 and 20 mm, respectively. The plate thickness was kept constant at 1.6 mm. 
The average measured inside corner radius was 1.28 mm. Five different bearing 
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lengths were used for each set of test, and the bearing lengths varied from 20 -
100 mm at increment of 20 mm. The specimen lengths were chosen such that 
the distance between the opposed loads was greater than 1.5 times the depth of 
the flat portion of the web. The channel specimens were tested in pairs. The 
loading flanges of the channels were fastened (restrained) to bearing plates. The 
specimens were simply supported on rollers. The web crippling tests of cold-
formed stainless steel lipped channel sections conducted by other researchers are 
summarized in Table 5. 
DESIGN RULES 
The web crippling design rules are classified into four loading conditions in the 
Commentary of the ASCE Specification (2002b). The four loading conditions 
are End-One-Flange (EOF), Interior-One-Flange (IOF), End-Two-Flange (ETF), 
and Interior-Two-Flange (ITF) as shown in Fig.4. Section 3.3.4 of the ASCE 
Specification (2002a) provides design equations for web crippling of flexural 
members having single webs (channels, Z-sections, hat sections, tubular 
members, roof deck, floor deck, etc.) and I-beams (made of two channels 
connected back-to-back, by welding two angles to a channel, or by connecting 
three channels). Different web crippling equations are used for various loading 
conditions. As mentioned in the Introduction, the ASfNZS Standard (2001) has 
adopted the web crippling design rules from the ASCE Specification (2002a), 
and no changes are introduced into the web crippling design rules. Hence, the 
web crippling design strengths predicted by the ASCE Specification and the 
AS/NZS Standard are identical. The web crippling design rules in the EC3 Code 
(l996a) Part 1.4: Supplementary rules for stainless steel refers to the web 
crippling design rules of either the hot-rolled carbon steel EC3 Code (1992) Part 
1.1 or the cold-formed carbon steel EC3 Code (1996b) Part 1.3. In this paper the 
EC3 Code (1996b) Part 1.3 was used to predict the web crippling design 
strengths. Furthermore, the North American Specification (NAS 2001a) for the 
design of cold-formed carbon steel structural members was also used to predict 
the web crippling design strengths. The NAS Specification uses one consistent 
unified web crippling equation with different coefficients for different loading 
conditions and various section geometries. 
Since web crippling is affected by the degree of resistant against rotation of web, 
the ASCE Specification (2002a) provides design provisions for sections with 
single webs and I -sections or similar sections. Hollow sections and lipped 
channel sections belong to sections with single web according to the ASCE 
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Specification. EC3 Code (1996b) Part 1.3 provides design prOViSions for 
sections with single web and sections with two or more webs. Hollow sections 
belong to sections with two or more unstiffened webs and lipped channel 
sections belong to sections with a single unstiffened web. 
The web crippling strength (PEel) calculation in the EC3 Code (1 996b) Part 1.3, 
a and fa are the coefficient and the effective bearing length, respectively, 
depending on the loading condition and shape of section. In this study, a and fa 
were chosen as 0.057 and 10 mm, respectively, for square and rectangular 
hollow sections under ETF and ITF loading conditions. 
For North American Specification, the nominal web crippling strength (PNAS) 
calculated according to Section C3.4 of the North American Specification 
(2001 a) for sections with single web having stiffened or partially stiffened 
flanges is as follow, 
where C is the coefficient, CR is the inside corner radius coefficient, CN is the 
bearing length coefficient, Ch is the web slenderness coefficient, t is the 
thickness of the web, /y is the yield stress «(JO.2 proof stress), (J is the angle 
between the plane of the web and the plane of the bearing surface, ri is the inside 
corner radius, N is the length of the bearing and h is the depth of the flat portion 
of the web measured along the plane of the web. The coefficients of the unified 
equation for different loading conditions are shown in Table 6. The limits of the 
equation(l)arehlts200,Nlts21O, Nlhs2.0 andO 90°. 
COMPARISON OF TEST STRENGTHS WITH DESIGN STRENGTHS 
The web crippling loads per web obtained from the hollow section and lipped 
channel section tests are compared with the nominal web crippling strengths 
predicted using the ASCE Specification (2002a), ASINZS Standard (2001) and 
EC3 Code (1996b) Part 1.3. As mentioned earlier, the web crippling strengths 
predicted by the ASCE Specification and the ASINZS Standard are identical. In 
addition, the test strengths are also compared with the nominal web crippling 
strengths predicted using the NAS Specification (2001a) for cold-formed carbon 
steel structural members. Tables 7 and 8 show the comparison of the test 
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strengths (PExp) for the hollow sections with the unfactored design strengths for 
ETF and ITF loading conditions, respectively. Tables 9-11 show the comparison 
of the test strengths (PExp) for lipped channel sections conducted by Korvink et 
al. (1995) with the unfactored design strengths for EOF loading condition of 
type 304, 3CRI2 and 430 stainless steel. Tables 12 and 13 show the comparison 
of the test strengths (PExp) for lipped channel sections conducted by Korvink and 
van den Berg (1994) with the unfactored design strengths for IOF loading 
condition of type 3CRI2 and 430 stainless steel. The design strengths were 
calculated using the measured cross-section dimensions. In Tables 7 and 8, the 
longitudinal 0.2% tensile proof stress (a;~ ) and transverse 0.2% compression 
proof stress (a;;) as given in Tables 3 and 4 were used to calculate the design 
strengths pIT and p TC, respectively, for the ASCE Specification (2002a), EC3 
Code (1996b) Part 1.3 and NAS Specification (200Ia). In Tables 9-13, the 
longitudinal 0.2% compression proof stress (a;~) and transverse 0.2% 
compression proof stress (a;;) were used to calculate the design strengths pIc 
and p TC, respectively, for the aforementioned specifications. 
The reliability of the web crippling design rules is evaluated using reliability 
analysis. The reliability index ( fJ) is a relative measure of the safety of the 
design. A target reliability index of 3.0 for stainless steel structural members is 
recommended as a lower limit in the ASCE Specification (2002a). The design 
rules are considered to be reliable if the reliability index is greater than 3.0. The 
resistance (capacity) factor (tPwl) for web crippling strength as recommended by 
the current ASCE Specification, EC3 Code and NAS Specification are shown in 
Tables 7-13. The load combinations of 1.2DL + 1.6LL and 1.35DL + 1.5LL as 
specified in the American Society of Civil Engineers Standard (ASCE 1998) and 
the European Code, respectively, were used in the reliability analysis, where DL 
is the dead load and LL is the live load. The statistical parameters are obtained 
from Table F I of the NAS Specification for web crippling strength, where Mm = 
1.10, Fm = 1.00, VM = 0.10, and VF = 0.05, which are the mean values and 
coefficients of variation for material properties and fabrication factors. The 
statistical parameters Pm and Vp are the mean value and coefficient of variation 
of tested-to-predicted load ratio, respectively, as shown in Tables 7-13. In 
calculating the reliability index, the correction factor in the NAS Specification 
(200 la) was used. The respective resistance factor (tPwl) and load combinations 
for the current ASCE Specification, EC3 Code and NAS Specification were 
used to calculate the corresponding reliability index (fJI ). For the purpose of 
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direct comparison, a constant resistant factor (¢w2) of 0.7 and a load 
combination of 1.2DL + 1.6LL as specified in the ASCE Specification were 
used to calculate the reliability index ( Ih ) for the EC3 Code and NAS 
Specification, as shown in Tables 7-13. Reliability analysis is detailed in the 
Commentaries of the ASCE Specification (2002b) and NAS Specification 
(2001 b). 
In Tables 7-13, the design strengths predicted by the ASCE Specification and 
AS/NZS Standard are generally conservative and reliable, except for the hollow 
sections under ITF loading condition. The mean values of tested-to-predicted 
load ratio are 0.86 and 0.85 with the corresponding coefficients of variation 
(COV) of 0.226 and 0.237, and the reliability indices (/31 and Ih) of 2.09 and 
1.99 for the calculation using longitudinal tension and transverse compression 
material properties, respectively, as shown in Table 8. 
For EC3 Code, the design strengths are generally conservative and reliable for 
the lipped channel sections under EOF and IOF loading conditions. However, 
the design strengths are very conservative for the hollow sections under ETF and 
ITF loading conditions. The maximum mean value of the tested-to-predicted 
load ratio is 5.11 with the corresponding COY of 0.15 and the values of j3 1 = 
7.59 and j3 2 = 8.62, as shown in Table 8. It should be noted that the web 
crippling design equation for ETF and ITF loading conditions are identical for a 
given section in the Ee3 Code (1996b) Part 1.3. The design equation does not 
consider the hit ratio and use the same bearing length of 10 mm. Hence, the web 
crippling strength predicted by the two loading conditions are identical, despite 
the fact that the sections with different web slenderness and bearing length. 
For NAS Specification, the design strengths are generally conservative and 
reliable for the lipped channel sections under EOF and IOF loading conditions. 
However, the design strengths are unconservative for the hollow sections under 
ETF and ITF loading conditions. The minimum mean value of the tested-to-
predicted load ratio is 0.8 with the corresponding COY of 0.22 and the values of 
j3 1 = Ll8 and j3 2 = 1.92, as shown in Table 7. 
In Tables 7-13, the design strengths were calculated using the longitudinal 
tension, longitudinal compression and transverse compression material 
properties. It is shown that the design strengths calculated using the transverse 
compression material properties provided better predictions than the design 
strengths calculated using the longitudinal tension and longitudinal compression 
material properties for all the aforementioned specifications. 
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PROPOSED DESIGN EQUATION 
The nominal web crippling strengths calculated using the ASCE Specification 
(2002a), AS/NZS Standard (2001), EC3 Code (l996b) Part 1.3 and NAS 
Specification (2001 a) design rules are either unconservative or very 
conservative for ETF and ITF loading conditions, as shown in Tables 7 and 8. 
Hence, web crippling design equation for cold-formed stainless steel sections 
with single web under EOF, lOF, ETF and ITF loading conditions is proposed in 
this paper. The proposed equation uses the same techniques as the NAS 
Specification for the unified equation approached. Therefore, the proposed 
design equation is identical to equation (1) with new coefficients of C, CR, CN 
and Ch as well as using the resistance factor tAv of 0.7 and 0.8 depending on the 
loading condition, as shown in Table 14. The new coefficients are determined 
based on the test results obtained in this study and the test data reported by 
Korvink et a1. (1995) and Korvink and van den Berg (1994). The ri I t limits and 
the type of stainless steel for the proposed equation are also shown in Table 14. 
COMPARISON OF TEST STRENGTHS WITH PROPOSED DESIGN 
STRENGTHS 
The experimental ultimate web crippling loads per web (PExp) are compared with 
the unfactored design strengths calculated using the proposed unified equation. 
The proposed design strengths were calculated using the measured cross-section 
dimensions. The proposed design strengths p/;T and p;c were obtained using 
the longitudinal 0.2% tensile proof stress (a~; ) and transverse 0.2% 
compression proof stress (a:;'), respectively, as shown in Tables 7 and 8. The 
proposed design strengths P:c and p;c were obtained using the longitudinal 
0.2% compression proof stress (a~~) and transverse 0.2% compression proof 
stress (a~;), respectively, as shown in Tables 9-13. The resistance factor tAvl = 
0.7 for ITF loading condition, and tAvl = 0.8 for EOF, IOF and ETF loading 
conditions was obtained from reliability analysis. The load combination of 
1.2DL + 1.6LL was used to determine the reliability indices (/31 and flz) using 
the corresponding t/Jwl and tAv2 factors, as shown in Tables 7-13. 
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The proposed design strengths are generally conservative and reliable for all 
four loading conditions. The maximum mean value of the tested-to-predicted 
load ratio is 1.3 with the corresponding COy of 0.058 and the values of fJ 1 = 
4.07 and fJ 2 4.61, as shown in Table II. The minimum mean value of the 
tested-to-predicted load ratio is 1.0 with the corresponding COy of 0.051 and 
the values of fJ I = 3.02 and fJ 2 = 3.57, as shown in Table 10. The reliability 
indices (fJ1 and fhJ are greater than the target value for all four loading 
conditions. The proposed design strengths were calculated using the longitudinal 
tension, longitudinal compression and transverse compression material 
properties, and the transverse compression material properties provided better 
predictions compared to those longitudinal tension and longitudinal compression 
material properties. 
CONCLUSIONS 
The paper presents an experimental investigation of cold-formed stainless steel 
square and rectangular hollow sections subjected to web crippling. The test 
specimens of austenitic stainless steel type 304 were tested under End-Two-
Flange (ETF) and Interior-Two-Flange (ITF) loading conditions in accordance 
with the ASCE Specification (2002a) for cold-formed stainless steel structures. 
The test strengths of the hollow sections obtained from this study as well as the 
test strengths of cold-formed stainless steel lipped channel sections under End-
One-Flange (EOF) and Interior-One-Flange (IOF) loading conditions performed 
by Korvink and van den Berg (1994), and Korvink et al. (1995) for stainless 
steel type 304, 430 and 3CR12 were compared with the unfactored design 
strengths obtained using the current ASCE Specification (2002a), ASINZS 
Standard (2001) and EC3 Code (J996a) Part 1.4 for stainless steel structures. 
The test strengths were also compared with the unfactored design strengths 
obtained using the NAS Specification (2001a) for cold-formed carbon steel 
structural members. The design strengths were calculated using the longitudinal 
tension, longitudinal compression and transverse compression material 
properties. The cold-formed stainless steel hollow sections and lipped channel 
sections consisted of single web. The flanges of the hollow section specimens 
were not fastened to the bearing plates in this study, but the flange of the 
channel specimens were bolted to the bearing plate during the tests. The 
conclusions and design recommendations are summarized as follows: 
I. It is shown that the design strengths predicted by the ASCE 
Specification and ASINZS Standard are generally conservative and 
reliable, except for ITF loading condition. 
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2. The design strengths predicted by the EC3 Code are generally 
conservative and reliable for EOF and IOF loading conditions, and very 
conservative for ETF and ITF loading conditions. In the EC3 Code 
(1996b) Part 1.3, the web crippling design equation for ETF and ITF 
loading conditions are identical. The design equation does not consider 
sections with different web slenderness. 
3. The design strengths predicted by the NAS Specification are generally 
conservative and reliable for EOF and IOF loading conditions, but 
un conservative for ETF and ITF loading conditions. 
4. It is shown that the web crippling design strengths predicted by the 
ASCE Specification, ASINZS Standard, EC3 Code and NAS 
Specification are either unconservative or very conservative for ETF 
and ITF loading conditions. Hence, a unified web crippling equation 
for cold-fonned stainless steel sections with single web under EOF, 
IOF, ETF and ITF loading conditions has been proposed in this paper. 
5. The design strengths calculated using the proposed unified equation are 
generally conservative for EOF, IOF, ETF and ITF loading conditions. 
The proposed design equation is capable of producing reliable limit 
state design when calibrated with the resistance factor <Av = 0.7 for ITF 
loading condition, and <Av 0.8 for EOF, IOF and ETF loading 
conditions. 
6. It is recommended that the web crippling strength of cold-fonned 
stainless steel sections with single web can be calculated using the 
proposed unified equation. 
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overall width of flange; 
web crippling coefficient; 
web slenderness coefficient; 
bearing length coefficient; 
inside comer radius coefficient; 
web crippling coefficient; 
coefficient of variation; 
overall depth of web; 
Young's modulus of elasticity obtained from longitudinal tension 
coupon test; 
Young's modulus of elasticity obtained from transverse 
compression coupon test; 
mean value of fabrication factor; 
yield stress (0.2% proof stress); 
depth of flat portion of web measured along the plane of web; 
actual length of test specimen; 
effective bearing length; 
mean value of material factor; 
length of bearing; 
nominal web crippling strength calculated using rr;;; 
nominal web crippling strength calculated using rr;~ ; 
nominal web crippling strength calculated using rr~~ ; 
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P;S~E nominal web crippling strength obtained from ASCE 
Specification and ASINAS Standard using O'{;;; 
P;[CE nominal web crippling strength obtained from ASCE 
Specification and ASINAS Standard using O'{;; ; 
pJiCE nominal web crippling strength obtained from ASCE 
Specification and ASINAS Standard using O'~; ; 
pi~ nominal web crippling strength obtained from European code 
using O'{;;; 
Pi[3 nominal web crippling strength obtained from European code 
using O'{;;; 
pJ~3 nominal web crippling strength obtained from European code 
using O'~;; 
PExp experimental ultimate web crippling load per web; 
Pm mean value of tested-to-predicted load ratio; 
p/;:is nominal web crippling strength obtained from NAS Specification 
• LC 
usmg 0'0.2 ; 
p/;Js nominal web crippling strength obtained from NAS Specification 
. LT 
usmg 0'0.2 ; 
P;C;s nominal web crippling strength obtained from NAS Specification 
using O'~;; 
P,~c proposed web crippling strength calculated using O'{;;; 
p,~T proposed web crippling strength calculated using O'{;; ; 
P,;c proposed web crippling strength calculated using O'~; ; 
ri inside comer radius; 
web thickness; 
VF coefficient of variation of fabrication factor; 
VM coefficient of variation of material factor; 
Vp coefficient of variation of tested-to-predicted load ratio; 
a. web crippling coefficient; 
fJ reliability index; 
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fJ I reliability index determined using r/Jwl; 
fJ2 reliability index determined using r/Jw2 ; 
8 angle between the plane of web and the plane of bearing surface; 
ELT elongation (longitudinal tensile strain) after fracture based on 
gauge length of 50 mm; 
a~T longitudinal tensile proportional limit; 
a;c transverse compression proportional limit; 
a,;T longitudinal tensile strength; 
a;i longitudinal 0.2% compression proof stress; 
a LT longitudinal 0.2% tensile proof stress; 0.2 
a TC transverse 0.2% compression proof stress; 0.2 
r/J IV resistance (capacity) factor; 
r/J wI resistance (capacity) factor specified in the current specifications; 
and 
r/J1I'2 resistance (capacity) factor specified in the ASCE Specification. 
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h d 
Fig. 1. Definition of symbols 
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Fig. 2. Stress-strain curves of tensile and compression coupons for 
specimen 80x80x5 
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(a) Front view 
(b) End view 
Fig. 3. End-Two-Flange (ETF) test setup 
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< 1.5h <1.5h 
(c) ETF 
} 
~1.5h < 1.5h 
(d) ITF 
Fig. 4. Web crippling loading conditions 
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Web Flange Thickness Radius Length Exp. Load per 
web 
Specimen d hf I r, L hxp 
(mm) (mm) (mm) (mm) (mm) (kN) 
ETf40x40x2N50 40.4 40.1 1.918 2,0 110 13,8 
ETF40x40x2N25 40.3 40.1 1.942 2,0 87 9,2 
ETF40x40x4N50 40.2 40,2 3.900 4,0 112 56,1 
ETF40x40x4N25 40.2 40,1 3.911 4,0 86 32.1 
ETFSOxSOx2N75 8L6 BO,2 1.888 4.0 197 IOJ 
ETF80x80x2N50 SO.S 81.0 1.920 4.0 170 8.8 
ETF80x80x5N75 79,9 79.9 4,766 75 ]97 68.2 
ETf80x80x5N50 79,9 79.8 4,772 75 170 53,8 
ETF I 00x50x2N50·1 99,9 49.9 1.945 2.0 201 10,9 
ETFIOOx50x2N50·2 100,0 49.7 1.954 2,0 199 11.0 
ETFloox50x2N25 99.8 49,8 1.939 2,0 176 8.4 
ETF 100x50x4N50 99.8 50.2 3.809 4.0 205 4l.5 
ETFlOOx50x4N25 99.9 49.7 3.820 4,0 177 30,7 
ETF 120x6{)x2N75 120.6 6{),0 1.826 2.5 257 8.1 
ETF 120x6{)x2N50 120,2 6{),8 1.821 2.5 231 7,2 
ETF 120x60x4N75 119,8 59,9 3.880 5,5 258 45.8 
ETf120x60x4N50 120,1 59.9 3,795 5,5 234 36,5 
Table 1. Measured Specimen Dimensions and Experimental Ultimate 
Loads for ETF Loading Condition 
Web Flange Radius Length Exp, Load per 
web 
Specimen d br r, L 
{mOl} (mm) (nun) (mm) 
ITF40x40x2N50 40,1 40,1 1.918 2.0 172 23,6 
ITF40x40x2N25 40.1 40.1 1.943 2,0 145 195 
ITF40x40x4N50 40,1 40,1 3.912 4,0 170 106,9 
ITF40x40X 4N25 40,1 40.1 3.915 4,0 146 69,6 
ITFBOxBOx2N75 80.4 80.5 1.906 4,0 318 23,3 
ITI'BOxSOx2N50 SO.6 80.4 1.896 4,0 292 21.1 
ITFSOx80x5N75 79,S 79,S 4.759 7.5 317 120,2 
ITF80xSOx5N50 79,S 79,8 4.758 1.5 292 109,7 
ITF10Ox50x2N50 99,S 49,8 1.956 2.0 353 27.4 
ITf 100x50x2N25 99,8 49,8 1,937 2,0 327 24,0 
ITf I OOX 50X 4N50 99.7 49.6 3.817 4.0 352 89,1 
lTFI00x50x4N25 99,8 49.7 3,855 4,0 328 79,9 
lTfl20x60x2N75 119,9 59.9 1.816 2,5 437 23.4 
lTF120x60x2N50 120.1 59,9 1.821 25 413 21.5 
lTFI20x60x4N75 120.0 59,9 3,789 5.5 437 94.3 
ITf!20x60x4N50 120,0 59,9 3,821 5.5 412 89,0 
Table 2. Measured Specimen Dimensions and Experimental Ultimate 




"y (TLT 0,2 a LT 
" 
C LT 
GPa MP. MP. MP. % 
40x40x2 194 140 447 704 61 
40x40x4 196 140 565 725 52 
80x80x2 201 120 398 608 59 
80x80x5 194 140 448 618 56 
100x50x2 198 160 320 635 72 
1oox50x4 195 140 378 603 60 
120x60x2 200 150 361 646 65 
120x60x4 200 140 392 696 62 
Table 3. Mechanical Properties from Tensile Coupon Tests 
Specimen 
;;rc 11';;:: Te (TO,l 
GPa MP, MP. 
40x40x2 213 200 444 
40x40x4 218 175 573 
80x80x2 220 190 405 
80x80x5 219 170 499 
loox50x2 204 140 326 
100x50x4 208 135 408 
120x60x2 209 210 347 
120x60x4 209 140 448 
Table 4. Mechanical Properties from Compression Coupon Tests 
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Korvink et al. Korvink et al. Korvink and Korvink and Korvink and Name (1995) (1995) van den Berg van den Berg van den Berg (1994) (1994) (1994) 
Steel Type 304 3CRI2 430 3CRI2 430 
Loading Condition EOF EOF EOF !OF !OF 
Number of test 49 42 48 50 48 
Proof Stress O';~. 264 269 312 290 307 
(MPa) 
Proof Stress a;;-; 280 300 344 329 362 
(MPa) 
Bearing Length [20-100] [20-100] [20-100] [16.5-80.4] [16.5-80.4] (mm) 
hll [39.8-157.2] [19.1-80.9] [39.7-158.5] [63.6-203.8] [63.2-204.3] 
r,/I [1.21-1.26] [1.21-1.26] [1.21-1.26] 0.80 0.80 
Nil [ 10.3-49.2] [10.3-49.2] [10.3-49.2] [10.3-50.2] [10.3-49.2] 
Nih [0.07-1.24] [0.13-2.07] [0.06-1.23] [0.05-0.79] [0.05-0.79] 
Table 5. Web Crippling Tests of Cold-Formed Stainless Steel Lipped 
Channel Sections Conducted by other Researchers 
USA Limils Support ond Flonge Lood Coses C C. CN C, Conditions LRFD 
tPw rj II 
Stiffened or End EOF 4 0.14 0.35 0.02 0.85 :59 
FlIslcncd tu Par1ially Olle~Flangc 
Support Stine-ned loading 
Flanges Inlerior IOf 13 0.23 0.14 0,01 0.90 :55 
SHffened or Two· End bTF 13 0.32 0.05 0.04 0.90 :53 
Unfastened Partillily Flange Stiffened 
Flanges. loading Interior rTF 24 0.52 0.15 0.001 0.80 :53 
Notes: The above coefficients apply when hi I ,; 200, Nil'; 210, Nih,; 2.0 and /I = 90" . 
Table 6. Web Crippling Design Rules for Cold-Formed Carbon Steel 
Sections with Single Web in the North American Specification 
Specimen 
40X 40 X 2 
40x40x2 
40 X 40X 4 
40X40X4 
80xSox2 





































ASCE Eel NAS Proposed 
PUp PErp PIT p:C 
17.0 1.04 26.1 U4 D.S 1J9 LJ9 2.81 2.69 0.91 0.92 1.17 1.UI 
16.7 1.0] 12.9 0.71 9.2 1.00 1.01 1.8] 1.15 0.63 0.6] 0.98 0.98 
63 1.0] 12.8 2.05 56.1 1.48 1.48 2.11 2.61 0.10 0.69 1.16 1.15 
6.2 1.02 6.4 1.02 ]2.1 0.89 0.89 1.58 1.48 0.42 0.41 0.83 0.82 
37.0 2.12 39.1 1.07 10.1 1.21 1.20 2.32 2.20 1.0] 1.01 1.20 1.11 
35.9 208 26.0 0.13 8.8 1.12 1.11 1.96 1.85 0.90 0.88 1.11 1.15 
11.6 1.57 15.1 LJ!5 68.2 IJO UO 2.10 2.40 0.8] 0.75 UJ 1.20 
11.6 1.57 10.5 0.90 SJ.8 1.07 1.01 2.12 1119 0.61 0.61 1.20 1.08 
41.3 1.0] 2S.7 0.54 10.9 1.21 1.26 2.53 2.41 UJ 1.11 1.26 1.2] 
41.4 1.0] 12.9 0.21 8.4 LlO 1.09 1.96 1.92 0.93 0.91 1.25 1.2] 
22.1 1.0S D.I 0.59 41.5 1.2] 1.21 2.63 2.45 0.90 0.84 U5 1.25 
22.1 1.05 6.5 030 ]0.1 0.96 0.94 1.9] 1.80 0.69 0.64 1.24 1.15 
61.3 1.31 41.1 0.61 8.1 0.99 1.01 2.01 2.01 0.91 0.95 0.88 0.91 
61.2 1J1 21.5 0.45 1.2 0.98 1.00 1.80 1.19 0.85 0.89 0.92 0.95 
26.0 1.42 19.] 0.14 45.8 1.32 1.29 2.11 2.53 0.99 0.87 1.l6 1.19 
26.8 1.45 13.2 0.49 36.5 1.16 1.14 2.30 2.11 0.86 0.16 1.31 1.15 
Mean, p. 1.15 1.15 2.25 2.12 0.84 0.80 1.16 1.11 
COV, Vp 0.146 0.144 0.180 0.111 0.210 0.220 0.148 0.115 
Reliability index, PI ].54 3.53 4.46 435 1.J3 1.18 3.08 3.U 
Resistance factor, ~M"I 0.70 0.70 0.91 0.9) 0.90 0.90 OJIO OJIO 
Reliability index, ~ 3.54 3.53 5.42 534 2.08 1.92 3.55 3.63 
Resistance factor, ;",2 0.10 0.10 0.70 0.10 0.70 0.10 0.10 0.70 
Table 7. Comparison of Web Crippling Test Strengths with Design 

































1b"S 1.04 ltd 155 216 01«) ttl!;!} 4.81 4.61 0.73 0.1) ~95 
~ W ~ g ~ ~ _ ~ = ~ ~ _ _ 
6.2 1.02 12.8 2.1)6 UJ6.9 0.19 0.79 5.25 4.94 Il11 Q70 LOJ L02 
6,1 1.11.2 6.4 to) Mii 0.52 0,52 3.41 3.2i 0.51 0.51 0,82 lUI 
36.0 2.iO )9,3 1.09 2lJ Il94 0.93 5,25 4.98 1.41 U9 L08 ]'06 
36.3 2.11 26.4 0.13 21.1 tUS itS1 4.S0 4.55 1.43 1,40 1.15 Ll3 
I L6 US U.S U6 120.2 0.68 0.65 4.16 4.25 0.89 0.&0 un lUI 
! 1-6 U8 10,5 (\.90 IM.1 0.62 0.60 05 US 0.8S 0,1i LOS 0.9:4 
47.0 C02 25.6 0.54 27.4 U9 1.17 636 6.15 I.B 1.11 l.49 1.416 
ill W ~ m _ ~ ~ ~ ~ ill W ~ ~ 
22.0 U5 13.1 0.59 89.1 0.86 t1..82 5.62 5.24 0.94 iJ.87 tJ5 1.15 
21.8 \.04 6..5 O,JI'i 19.9 0.76 0.11 4,94 4.61 0,92 D,S3 1.46 U5 
6U 1.38 41J 0.67 2M 1.15 US 3J17 5..86 LOll 1.12 Ll6 HI 
61,2 1.J7 27.3 ll45 2L5 1.07 1.09 3.35 534 LD8 1.12 1.23 1.28 
16,lI 1.43 19.5 0.74 941 0.93 0.87 5.96 SAS U3 o.w IJO Ll4 
26.5 1.414 13.1 0.49 S9.0 0.87 OJH 5.54 5m Ll1 0.98 1.3.& 1.21 
Mean, p. 0.86 ll,Sj HI 4.83 O.W O},S t.i9 . 1.15 
COV,!p 
Reliability index, PI --:-::--=--:-::::--::'-:-:--:-:-:--=--::::--::'-:::-
Resistance factor, ;"1 0:10 0.70 0,91 0.91 G.g{) 0.110 0.70 0,70 
ReliabililY index, Ih 2.09 1.99 8.62 8.18 2Jo 1.15 3.27 ll6 
Resistance factor, ;M'l 0,70 0.70 0.10 0,70 0.70 0,70 0.70 0.70 
Table 8. Comparison of Web Crippling Test Strengths with Design 
Strengths for ITF Loading Condition 
COV,~ __ O~~_7~4 ____ 0._07_4 ____ 0~.0_73~ __ O_.O_7~3 ____ 0.~1_21 ____ 0~J~2~1 ____ O._07~3 ____ 0_.0_7_3_ 
Reliability index,~. 3,54 3.40 2.77 2.64 3.43 3.21 3.77 3.54 
Resistance factor,;.. __ 0,_70 ___ 0_,_70 ___ 0_,9_1 ___ 0_.9_1 ___ 0,_8_5 ___ 0._85 ___ 0_.8_0 ___ 0_.8_0_ 
Reliability index, Pi 3.54 3.40 3.97 3,84 4.15 3.94 4.30 4.07 
Resislance 0.70 0.70 0.70 0,70 0.70 0.70 
Table 9. Comparison of Web Crippling Test Strengths with Design 
Strengths for EOF Loading Condition of Type 304 
Stainless Steel by Korvink et at. (1995) 
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ASCE ECl NAS 
P"", PUP P"", PuP P"" P"" PUP P"" 
pJ%:E PA~E pf6 PPc) pJJs pJJs p;c p:C 
Mean.P", 0.98 0.92 1.09 1.02 1.27 1.14 1.11 1.00 
COV, Vp 0.071 0.071 0.071 0.071 0.065 0.065 0.051 0.051 
Reliability index, P, 3040 3.17 2.63 2.40 3.71 3.28 3.46 3.02 
Resistance factor. ~"'1 0.70 0.70 0.91 0.91 0.85 0.85 0.80 0.80 
Reliability index, PI 3040 3.17 3.84 3.60 4.50 4.07 4.01 3.57 
Resistance 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 
Table 10. Comparison of Web Crippling Test Strengths with Design 
Strengths for EOF Loading Condition of Type 3CR12 Stainless Steel by 
Korvink et al. (1995) 
ASCE NAS Proposed 
P"" PUp P"", Pli"xl' PUp PUp P"", PuP 
pJ~E p1i:E pig} pfgj pJ;~ pZs pic P;' 
Mean,P", 1.16 1.11 1.29 1.23 1.35 1.23 1.30 1.18 
COV, J-;, 0.076 0.076 0.076 0.076 0.098 0.098 0.058 0.058 
Reliability index, P, 4.05 3.88 3.29 3.12 3.79 3.4J 4.07 3.67 
Resistance factor.9..t 0.70 0.70 0.91 0.9J 0.85 0.85 0.80 0.80 
Reliability index, p, 4.05 3.88 4.49 4.32 4.54 4.16 4.61 4.21 
Resistance 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 
Table 11. Comparison of Web Crippling Test Strengths with Design 
Strengths for EOF Loading Condition of Type 430 
Stainless Steel by Korvink et al. (1995) 
COV, Vp 0.081 0.081 0.082 0.082 0.051 0.051 0.046 0.046 
Reliability index, P, 4.39 4.05 3.64 3.29 3.30 2.78 3.80 3.28 
Resistance factoT*; .. t 0.70 0.70 0.91 0.91 0.90 0.90 0.80 0.80 
Reliability index, p, 4.39 4.05 4.82 4.48 4.34 3.81 4.35 3.83 
Resistance factor, ;,,2 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 
Table 12. Comparison of Web Crippling Test Strengths with Design 
Strengths for IOF Loading Condition of Type 3CR12 Stainless Steel by 
Korvink and van den Berg (1994) 
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ASCE EC3 NAS Proposed 
COV, V, 0.128 0.128 0.129 0.129 0.074 0.074 0.052 0.052 
ReliabililY index, II. 4.31 3.93 3.61 3.22 3.40 2.74 3.96 3.29 
Resistance factor. ;"., 0.70 0.70 0.91 0.91 0.90 0.90 0.80 0.80 
Reliabilily index, II, 4.31 3.93 4.71 4.32 4.40 3.75 4.51 3.84 
Resistance 0.70 0.70 0.70 0.70 0.70 0.70 0.70 
Table 13. Comparison of Web Crippling Test Strengths with Design 
Strengths for IOF Loading Condition of Type 430 
Stainless Steel by Korvink and van den Berg (1994) 
Support and Flange 
I 
LRFD Limits I Load Cases e e. eN e. Conditions (> •. 
rj II Type 
End I 304, i Stiffened EOF 7 0.12 0.21 0.038 0.80 S I 3CRI 
or On,· 2and Fash:nwlo 
ranilllly Flang¢ 430 Suppan Stiffened loadillg 3eRI ! Flanges Interim loF 10 0.23 0.24 0.01 0.80 $ I 2 and 
430 
Stiffened End ETF 3 0040 0.60 0.001 0.80 :52 304 I '" 1\\>,. Unrllstened POlniall), Flange 
! Stiffened luading Interior ITF 6 0.26 0,48 0.001 0.70 $2 304 Banges 
Noles: Tne above eoeflieienls apply when hll'; 200, NIl'; SO, NIh s 2.0 and B = 90' . 
Table 14. Proposed Web Crippling Design Rules for Cold-Formed 
Stainless Steel Sections with Single Web 
